M itochondria carry out oxidative phosphorylation, thereby producing the energy required by eukaryotic cells 1 . They are also involved in the cellular processes of signaling 2 , ion homeostasis 3 , apoptosis 4 and aging 5 , and mitochondrial dysfunction is associated with pathological phenotypes in humans 6 . In accordance with their evolutionary origin from an endosymbiontic event 7 , mitochondria contain a separate genome and use a dedicated nuclear-encoded molecular machinery for its expression. The human mitochondrial genome comprises 16.5 kb of circular DNA encoding 13 essential polypeptides, 22 tRNAs and 2 rRNAs that are required for the formation of the dedicated mitochondrial ribosome 8 (Box 1). Transcription of the mammalian mitochondrial genome is carried out by a single-subunit mtRNAP (or POLRMT); although part of mtRNAP resembles RNA polymerases (RNAPs) from T7-like bacteriophages, it is not related to the multisubunit RNAPs found in bacteria or the eukaryotic cell nucleus 9 . Transcription initiates from two promoters (light-and heavy-strand promoters (LSP and HSP, respectively)), which are located close to each other within the genome 10 and direct synthesis of polycistronic transcripts that are processed to yield mature mRNAs and tRNAs [11] [12] [13] . The regulatory region frequently contains a triple-stranded 'D-loop' structure, which is formed by the presence of an additional DNA strand, the 7S DNA 14 . Although its precise role remains obscure, this DNA stretch is thought to originate from abortive or paused DNA replication. Remarkably, the RNA primers required for DNA replication also originate from transcription by mtRNAP 15 , thus placing this enzyme at the heart of both gene expression and genome maintenance in mitochondria [16] [17] [18] . In contrast to its self-sufficient bacteriophage relatives, mtRNAP requires additional protein factors to initiate and terminate transcription and to productively elongate an RNA chain 19 . The mechanistic and structural basis of mitochondrial transcription, in comparison to other transcription systems, has remained poorly understood. In recent years, however, numerous structural studies have elucidated various components and stages of the mitochondrial transcription cycle (Table 1 ). This review summarizes the current understanding of the process of mitochondrial transcription provided by these studies.
RNA polymerase
Before structures of mtRNAP were determined, sequence analysis suggested that this polymerase might share structural similarity with T-odd bacteriophage RNAPs, among which T7 RNA polymerase has been best studied 9 . In these RNAPs, similarly to the distantly related Pol A family of DNA polymerases 20, 21 , the C-terminal catalytic domain (CTD) resembles a right hand formed by thumb, palm and fingers domains 22 . The active site is located within the palm domain and utilizes a canonical two-metal-dependent reaction mechanism for nucleic acid polymerization 23, 24 . The fingers domain contains the O helix, a mobile element involved in catalytic functions and in strand separation at the downstream edge of the transcription bubble 25, 26 . The O helix topologically corresponds to the bridge helix found in multisubunit RNAPs 27 . Promoter binding is mediated by the N-terminal domain (NTD), which contains two nucleic acid-interacting elements: the AT-rich recognition loop and the intercalating hairpin 28, 29 . Whereas the former is involved in promoter-DNA recognition, the latter separates the DNA strands, thus allowing for the transcription bubble to form during initiation. A third element involved in promoter binding, the specificity loop, is located within the CTD and stabilizes the initially melted transcription bubble by binding the major groove upstream of the point of strand separation and guiding the template strand to the active site 28 . The first structure of human mtRNAP confirmed that its catalytic domain is indeed similar to that of T7 RNAP, thereby suggesting a conserved catalytic mechanism (Fig. 1) . In this apo-mtRNAP structure, the conserved fingers, palm and thumb domains of the CTD adopt a canonical right-hand fold, but the fingers domain appears rotated into a 'clenched' conformation 30 . The NTD is partially similar to the promoter-binding domain of T7 RNAP, but the AT-rich recognition loop differs substantially. Whereas this loop contacts the minor groove of promoter DNA in the T7 initiation complex (IC) 28 , it is sequestered by intraprotein interactions in mtRNAP, and charged DNA-interacting residues are not conserved 30 . In addition to the phage-like core, mtRNAP contains an N-terminal pentatricopeptide repeat (PPR) domain and a largely flexible N-terminal extension, which is not resolved in the apo-mtRNAP structure, although the construct used for crystallization lacked only the first 104 amino acids, 43 of which compose the mitochondrial targeting signal. PPR domains are found in many mitochondrial and chloroplast proteins, in which they most often mediate protein-RNA interactions 31, 32 . The mtRNAP PPR domain is connected to the N-terminal domain by a proline-rich linker that potentially confers some mobility relative to the enzyme core. The other element involved in T7-promoter recognition, the specificity loop, is not entirely resolved in the mtRNAP structure. Moreover, a comparison with the T7 initiation-complex structure has revealed that the intercalating hairpin is positioned differently in the mtRNAP structure 30 . However, mutational analysis has shown that both the intercalating hairpin and the preceding 'lever loop' region, which is found only in mtRNAPs, are required for promoter-specific initiation. This result suggests that initiation factors may reposition the intercalating hairpin so that it can separate the DNA strands upstream of the transcription start site (TSS) as it does in T7 RNAP 30 . The structure of human apo-mtRNAP thus revealed the enzyme architecture, confirmed the resemblance of its CTD to bacteriophage RNAPs and provided initial insights into the structural basis of factor dependence for transcription initiation. However, how the polymerase interacts with nucleic acids and the roles of its mitochondrial-specific features remained unclear.
Structural basis of mitochondrial transcription

Transcribing elongation complex
The structure of human mtRNAP in the transcribing state has addressed several basic mechanistic questions regarding DNAdependent RNA synthesis by mtRNAP (Fig. 2a) . The resolved elongation complex (EC) comprises mtRNAP and a RNA-DNA scaffold mimicking a transcription bubble with the RNA transcript 33 . The mtRNAP variant used in this study lacks part of the N-terminal extension (residues 1-150), which is dispensable for transcript elongation 33 . The fingers and palm domains appear rotated relative to their positions in the apo structure, thus resulting in a conformation highly similar to that of the T7 RNAP EC 25, 26 . The polymerase active-center cleft tightly embeds a 9-bp A-form DNA/RNA hybrid, and the downstream duplex emerges at a perpendicular angle 33 . This arrangement shows a striking resemblance to those of T7 RNAP and the structurally unrelated multisubunit RNAPs in eukaryotes and bacteria 34, 35 . The hybrid is stabilized by interactions with the thumb domain, which is fully visible in the EC structure. As in T7 RNAP, separation of the downstream DNA strands is mediated by the O helix in the fingers domain, which wedges apart the + 1 and + 2 nucleotides of the template strand 25, 26, 33, 36 (Fig. 2b ). The mitochondrial EC structure reveals the pretranslocated state of the nucleotide-addition cycle, in which the 3′ end of the nascent transcript occupies the NTP-binding site, thus precluding substrate binding 33 ( Fig. 2b) . Despite the overall similarity of the catalytic domains of T7 RNAP and mtRNAP, the mtRNAP EC structure also reveals differences between the two polymerases. Whereas the N-terminal promoter-binding domain of T7 RNAP undergoes major refolding and rearrangement during the transition from initiation to elongation 25, 26 and moves the intercalating hairpin away from the nucleic acids, that of the mtRNAP does not. Instead, the intercalating hairpin remains close to the nucleic acids and 'peels' the 5′ end of the nascent transcript from the template strand at the upstream edge of the transcription bubble 33 . Although the 5′ end of the nascent RNA is not clearly visible in the EC structure, difference density and cross-linking experiments have indicated that it runs along the mobile specificity loop toward the PPR domain 33 . In summary, the EC structure shows how nucleic acids bind to the polymerase during RNA chain elongation, supports a conserved catalytic mechanism and reveals mitochondrial-specific mechanistic features. The lack of NTD rearrangement during the initiationto-elongation transition suggests that initiation factors may also prime mtRNAP for elongation, but the exact mechanism of transcription initiation could not be addressed in the absence of structural information on the IC.
initiation factor TFAM
To initiate transcription, mtRNAP is recruited to the DNA by the promoter-binding protein TFAM, thus forming a closed preinitiation complex 37 . Binding of the initiation factor TFB2M then facilitates DNA opening and formation of the open IC [37] [38] [39] [40] [41] [42] . How these proteins facilitate transcription was unclear, given their lack of homology to initiation factors of other transcription systems. However, this question was addressed when structures of TFAM and TFB2M were determined, and was further illuminated by the structure of an IC comprising mtRNAP, TFAM, TFB2M and promoter DNA.
Box 1 | The mammalian mitochondrial genome
Mammalian mitochondria possess a small circular genome that encodes 13 essential proteins of the respiratory chain, 22 tRNAs and 2 rRNAs 8 . The heavy and light strands of the mitochondrial DNA are distinguished on the basis of their asymmetric purine/ pyrimidine distribution. Mitochondrial transcription is carried out by a dedicated RNA polymerase (mtRNAP) that is distantly related to the single-subunit RNA polymerases of bacteriophages and chloroplasts and to the Pol I family of nuclear DNA polymerases 9 . Each mtDNA strand contains a either a heavy-or lightstrand promoter (HSP or LSP) located within a regulatory region 10 (gray) that directs transcription of polycistronic transcripts spanning nearly the entire genome length 11, 125 . This noncoding region also contains the origin of replication for the heavy strand (O H ) and can be partially triple-stranded because of the presence of a third DNA strand called 7S DNA 14 . mtRNAP requires the assistance of protein factors for each step of its transcription cycle 19 . To begin transcription, mtRNAP assembles an IC with transcription factors TFAM and TFB2M at the promoter. After initial RNA synthesis, initiation factors are lost, and the elongation factor TEFM is recruited as mtRNAP enters elongation phase. Termination of transcripts initiated at LSP involves the roadblock protein MTERF1, which binds a distinct site downstream of the rRNA genes. The regulatory region containing the two promoters is shown enlarged above, and important elements discussed in the text are indicated. Cytb, cytochrome b; ND1-6, NADH dehydrogenase subunits 1-6; COXI-III, cytochrome c oxidase subunits I-III; ATP6/8, ATP synthase F 0 subunit 6/8. Mammalian TFAM belongs to the high-mobility group (HMG) box family of proteins. It contains two HMG domains separated by a linker region 43 , and its transcription-initiation activity also requires its C-terminal tail 39, 44 . TFAM promoter-binding sites have been mapped between DNA bases -10 and -35 upstream of the TSS 37, 45 . In addition to sequence-specific interactions at these sites, TFAM also binds double-stranded DNA in a nonspecific fashion 46 , and this function is thought to mediate packaging of the mitochondrial genome [47] [48] [49] [50] . Although a TFAM homolog exists in yeast (Abf2) 51, 52 , it lacks the C-terminal tail and appears to function solely as a DNApackaging factor 44 . Crystal structures of TFAM in complex with a DNA segment encompassing its LSP promoter-binding site have been solved by two groups independently 53, 54 (Fig. 3a) . The structures demonstrate that each of the HMG-box domains induces a ~90° bend in the DNA, thus suggesting how it can compact the mitochondrial genome into higher-order structures called nucleoids [47] [48] [49] [50] . Additional structures of TFAM bound to other DNA segments have revealed that bending is independent of DNA sequence 55 . Notably, this study has also suggested that TFAM binds HSP in a reverse orientation compared with that of LSP, thus suggesting that structurally distinct ICs are formed at the two promoters. However, the HSP DNA sequence used comprised only part of the TFAM-binding site, and the proposed binding model is not consistent with results from biochemical and cross-linking studies, which indicate an identical IC topology at both promoters 56 .
initiation factor TFB2M
The second initiation factor, TFB2M, and its paralog, TFB1M, were originally identified on the basis of their sequence homology to the yeast mitochondrial transcription initiation factor Mtf1 (refs 57, 58 ). In yeast, transcription initiation requires only mtRNAP (Rpo41) and Mtf1 (ref. 59 ), the latter of which was initially proposed to resemble bacterial sigma factor on the basis of partial sequence homology 60 . However, mutational studies do not support functional homology to sigma-factor proteins 61 . The structure of Saccharomyces cerevisiae Mtf1 instead reveals structural similarity to ErmC, a methyltransferase involved in maturation of ribosomal RNA 62 ( Fig. 3b) . This surprising finding has led to the hypothesis that promoter recognition may reside largely within mtRNAP itself and that a potential RNA-binding capability of Mtf1 may play a role during transcription initiation 62 . Indeed, sequence and structural homology to rRNA methyltransferases appears to be conserved across mitochondrial initiation factors from different species, because this homology is also found in the mammalian TFB-type proteins. Whereas TFB1M appears to have retained its function as a mitochondrial rRNA methyltransferase 63, 64 , TFB2M is a bona fide transcription initiation factor 65 . Recently, the structure of human TFB2M has been reported, completing the set of structures of proteins of the initiation machinery 66 ( Fig. 3b) . In TFB2M, as in Mtf1, the N-terminal part resembles rRNA methyltransferases, whereas the C-terminal part forms a helical domain with an extended flexible tail 66 . Deletion of a flexible loop specific to mitochondrial transcriptional activator proteins has no effect on TFB2M activity 66 , although residues within this loop have been implicated in the Mtf1-Rpo41 interaction 67 . A comparison of the structures of TFB2M and mouse TFB1M, which had been reported earlier 68 , reveals high overall similarity but also suggests differences that may underlie their divergent functions 66 . Most prominently, TFB2M contains a loop insertion in its NTD that is absent in both TFB1M and Mtf1 and contributes to an extended positively charged surface patch on TFB2M. Moreover, a number of positively charged residues constituting this charged groove are conserved in TFB2M between humans and mice, but not in TFB1M 66 .
Together, these studies revealed the structures of initiation factors TFAM and TFB2M but could not explain how these factors interact with mtRNAP and nucleic acids in the IC.
initiation complex
The structure of the mitochondrial transcription IC has recently revealed interactions among TFAM, TFB2M, mtRNAP and DNA that are required to recruit, position and melt promoter DNA 66 (Fig. 4) . In agreement with results from biochemical studies 38, 69 , the structure demonstrates that the N-terminal extension of mtRNAP stacks against the distal HMG-box domain of TFAM in the IC, which is brought into position by TFAM-induced DNA bending 66 . This interaction is mediated by a previously unresolved structural element within the N-terminal extension of mtRNAP, the 'tether helix' 66 , and it apparently positions the active site at the region of initial DNA melting around the TSS 70 . Tethering of the N-terminal extension to TFAM explains how TFAM binding may compensate for the absence of the AT-rich recognition loop in mtRNAP, as suggested previously 29, 30 . In T7 RNAP, this element contacts the promoter DNA 13 -17 bp upstream of the TSS. In the mitochondrial IC, the region between bases -10 and -15 is positioned near the PPR domain, where DNAbackbone interactions may contribute to the DNA bending observed in this region 66 . The C-terminal tail of TFAM is positioned in the immediate vicinity of mtRNAP, where it mediates additional interactions with the D helix and/or parts of the N-terminal extension 39, 66 . The structure suggests that, contrary to an earlier model based on low-resolution electron microscopic data 71 , TFB2M interacts with the DNA around the point of strand separation via its C-terminal helical domain 66 . A comparison of IC structures assembled on DNA scaffolds containing LSP and HSP sequences has confirmed an identical IC topology at both promoters 56, 66 . The conformation of mtRNAP in the open IC resembles that of T7 RNAP within its IC 29 . In particular, the intercalating hairpin is positioned to separate the DNA strands at position -4 relative to the TSS. This conformation is stabilized by TFB2M-polymerase interactions that probably lock it in a melting-competent state 66 .
Interactions between the C-terminal helical domain of TFB2M and an mtRNAP-specific lever loop adjacent to the intercalating hairpin may explain why a deletion mutant lacking this region is incapable of promoter-specific initiation 30 . In addition, the flexible C-terminal tail of TFB2M that buttresses the intercalating hairpin appears partially ordered in the IC structure 66 . The rRNA methyltransferase-like domain of TFB2M is positioned along the trajectory of the single-stranded nontemplate strand, thus embedding it within an extensive positively charged surface. Consequently, a basic surface groove that binds nucleic acid in the structurally related rRNA methyltransferases appears to be used by TFB2M to stabilize the initially opened DNA.
This mechanism of nontemplate DNA binding by TFB2M echoes that of bacterial sigma factor, despite a lack of structural similarity. Sigma interacts with the nontemplate strand both nonspecifically and via a base-specific flipping mechanism, thereby stabilizing the initially unwound DNA [72] [73] [74] . Whether TFB2M also interacts with the nucleic acid in a base-specific fashion remains to be determined, because the resolution of the reported IC structure is not sufficient to detect such interactions. This has also prevented identification of potential promoter-DNA interactions of the specificity loop, which are mediated by extensive base contacts within the T7 RNAP IC 28 . In the mitochondrial IC, this element is similarly positioned along the DNA major groove just upstream of the point of strand separation 66 . However, the structure does not elucidate any base-specific contacts. Thus, although the specificity loop is clearly required for promoter-directed initiation by mtRNAP 39, 75 , whether it plays a role in promoter recognition remains an open question.
elongation factor TeFM
After initiation of RNA synthesis and promoter escape by mtRNAP, the initiation factors are released, and the elongation factor TEFM is recruited. TEFM was originally identified on the basis of its sequence homology with RuvC-like Hollidayjunction resolvases and by a limited sequence relationship with the eukaryotic nuclear transcription factor Spt6 (ref. 76 ). TEFM is required for processive synthesis of near-genome-length mitochondrial transcripts [76] [77] [78] . In the absence of TEFM, mtRNAP prematurely terminates at a conserved G-quadruplex-forming sequence downstream of the LSP (Box 1), thus producing short transcripts that are thought to serve as primers for replication of the heavy strand of mtDNA 15, 16, 79, 80 . Therefore, transcription and replication-primer formation appear to be mutually exclusive processes, and TEFM may be involved in switching between the two 77 . The TEFM structure confirms the predicted combination of a C-terminal Holliday-junction resolvase-like homodimerization domain and an N-terminal helix-hairpin-helix domain 81 ( Fig. 5a ). However, it also reveals TEFM to be a pseudonuclease with no endonucleolytic activity, whose active site is degenerate 81 . The resolvase fold therefore appears to have been coopted to function in mitochondrial transcription. Interestingly, the closest structural homolog of TEFM is the yeast mitochondrial Holliday-junction resolvase Cce1, a nuclease whose activity is required for mitochondrial genome replication 82, 83 . Biochemical characterization of TEFM has demonstrated that the C-terminal pseudonuclease domain and a short basic linker connecting it to the NTD are sufficient to prevent termination at the CSBII site and to enhance mtRNAP processivity 81 . The NTD is dispensable for all observed activities of TEFM in vitro 81 . The structure of TEFM revealed that it forms a homodimer through its C-terminal pseudonuclease domains, while the two NTDs are connected via a flexible, basic linker, but could not explain how TEFM influences transcriptional activity.
Processive elongation complex
The crystal structure of the processive EC (also called antitermination complex) comprising mtRNAP and the transcriptionally active core of TEFM reveals that TEFM forms extensive contacts with nucleic acids within the transcription bubble 81 (Fig. 5b) . Notably, these interactions distantly resemble those observed between Holliday-junction resolvases and their cognate cruciform substrates 84 , thus further suggesting that this fold has been repurposed to bind the transcription bubble. Recruitment of TEFM to the EC encloses the downstream DNA duplex in a sliding clamp between TEFM and the polymerase and stabilizes the nontemplate strand in a manner similar to elongation factors of other transcription systems, such as bacterial NusG 85 or eukaryotic Spt4/5 and DSIF, which act on yeast and human polymerase II, respectively 86, 87 . Notably, mtRNAP is found in the post-translocated state in the EC-TEFM structure, thus suggesting that TEFM stabilizes this conformation 81 ( Fig. 5c ). TEFM also binds the intercalating hairpin of mtRNAP that separates the nascent RNA from the template strand in the EC 33 , and cross-linking studies indicate that it may also interact with the specificity loop 81 ( Fig. 5d) . These findings suggest a mechanism underlying the factor's ability to stimulate transcription through the CSBII sequence: by ensuring that the upstream edge of the transcription bubble is maintained and creating a narrow RNA exit path along mtRNAP, TEFM probably prevents formation of secondary structures, such as G quadruplexes, in the nascent transcript that disrupt the EC and cause transcription termination 81 . The structures of TEFM and of the antitermination complex provide a structural and mechanistic basis for processive transcript elongation, and illustrate how TEFM promotes gene expression over replication-primer formation.
The transition from initiation to elongation
The structures of the IC and the EC also provide insights into structural changes that occur during the initiation-to-elongation transition. First, initiation factor TFB2M and elongation factor TEFM occupy overlapping binding sites on mtRNAP; consequently, TFB2M must dissociate before TEFM can bind 66, 81 . Second, the upstream DNA duplex undergoes substantial repositioning from its location in the IC to the position observed in the EC 33, 66 . This repositioning is likely to occur concurrently with the loss of TFB2M, thereby liberating the binding site for TEFM. Third, the interaction of TFAM with the tether helix must be broken, although when this occurs is not yet known. The initiation-to-elongation transition involves an exchange of factors with overlapping binding sites on the polymerase, a situation similar to that in multisubunit polymerase systems [87] [88] [89] [90] .
Transcription termination
At the end of each transcription cycle, mtRNAP ceases RNA synthesis and dissociates from mtDNA. One termination site identified within the gene encoding tRNA Leu (ref 91 ) serves as a binding site for the 39-kDa protein MTERF1 (ref. 92 ). This factor exhibits strong polarity in terminating transcription initiated at the LSP but not the HSP promoter [93] [94] [95] [96] . Indeed, the light strand encodes no genes downstream of the MTERF1-binding site. Moreover, knockout of MTERF1 results in impaired transcription from the LSP but not from the HSP, thus suggesting that MTERF1 may prevent transcribing complexes from interfering with initiation within the control region 97 . MTERF1 also affects mtDNA replication by acting as a 'contrahelicase' that causes the mitochondrial replisome to pause and may thereby prevent collisions between the transcription and replication machineries 98 . MTERF1 belongs to a highly conserved family of proteins that localize to mitochondria and are implicated in DNA binding 99 . The structure of MTERF1 bound to the tRNA Leu termination sequence reveals a modular arrangement of eight motifs, each composed of two α -helices followed by a 3 10 helix 93,100 (Fig. 6 ). MTERF1 binds along the DNA major groove, which it unwinds and partially melts by flipping out three nucleotides. Base flipping is essential for stable binding and sequence-specific DNA recognition, and it explains how MTERF1 acts as a roadblock for the transcribing polymerase that promotes termination 93, 100 . The structure of MTERF1 bound to DNA also explains two reported pathogenic TEFM stabilizes the intercalating hairpin that separates the nascent RNA from the template DNA and forms a tight RNA exit channel thought to prevent formation of disruptive secondary structures within the EC.
mutations in the mitochondrial genome that impair transcription termination 93 . In contrast to the well-defined mechanism of LSP transcript termination, the termination mechanism of heavy-strand transcription remains unknown. HSP termination has been suggested to also potentially involve a roadblock protein that binds near the 3′ end of the 7S DNA 101 . This region, termed coreTAS, does not form a secondary structure but shares similarity with a sequence in the regulatory D-loop region called CSBI. To date, no protein factors that mediate termination of H-strand transcription have been identified.
Mammals possess additional MTERF proteins (MTERF2-4), all of which are involved in mitochondrial gene expression 99 but do not appear to play a direct role in transcription termination [102] [103] [104] [105] .
The mitochondrial transcription cycle
Structural and biochemical insights gleaned over the past decade have formed the basis of a model for the mammalian mitochondrial transcription cycle 10, [37] [38] [39] [40] [41] [44] [45] [46] 56, 57, 61, 69, 70, 75, 76, 78, 79, 92, 93, [106] [107] [108] [109] ( Fig. 7 and Supplementary Video 1). On the basis of the structures described above, we have prepared a molecular movie to illustrate the human mitochondrial transcription cycle (Supplementary Video 1) . To initiate transcription, TFAM binds the promoter upstream of the TSS, a process that may involve sliding of TFAM along the mitochondrial genome, scanning for the correct site 106 . mtRNAP is then recruited to form the closed promoter preinitiation complex, which, with the help of TFB2M, transitions to the open promoter complex. After initial RNA synthesis, the initiation factors are released, and TEFM is recruited to the transcribing polymerase. Aided by TEFM, mtRNAP can then synthesize complete RNA transcripts. Termination of transcription is mediated by MTERF1 and potentially other yet-unidentified factors. The dependence of mtRNAP on such additional factors probably reflects the necessity to regulate mitochondrial gene expression, and structural studies provide a framework to analyze such factor-dependent regulation in the future.
Comparison with other single-subunit RNA polymerase systems
The available structures also shed light on functional differences between mtRNAP and related single-subunit phage RNA polymerases. In conjunction with biochemical data, structural studies have clearly indicated that promoter recognition in the mitochondrial system is not based on the elements shared with T7 RNAP but instead relies on coordinate recognition of a promoter region of ~50-55 bp by initiation factors and mtRNAP. The structures of individual initiation factors and of the IC demonstrate how these factors functionally substitute for the lack of T7 RNAP-like elements in mtRNAP and how mitochondrial-specific elements, such as the lever loop and the N-terminal region, are involved in this process 66 . Unlike T7 RNAP, which undergoes refolding during the transition from initiation to elongation, progression of mtRNAP to elongation involves both a loss of initiation factors and a rearrangement of the upstream DNA duplex to the position occupied by TFB2M in the IC 66 . The identification and characterization of the elongation factor TEFM [76] [77] [78] 81 have revealed another striking difference from T7 RNAP that does not require processivity factors. The structure of the processive EC suggests that TEFM renders the EC more stable by stabilizing the RNA exit path 81 , a function that may be particularly crucial for transcription of the mitochondrial genome, because it encodes highly structured tRNAs and rRNAs. This function may also explain the dependence of mtRNAP on roadblock termination factors, because mtRNAP tolerates less bulky secondary structures, such as hairpin terminators 81 . 
evolutionary considerations
The emerging picture illuminates how a single-subunit RNAP has evolved to rely on accessory protein factors, many of which show modes of action similar to those of transcription factors from multisubunit RNAP systems despite sharing little sequence homology with their functional counterparts. Instead, unrelated protein folds have apparently acquired roles in transcription, which might have been facilitated by gene-duplication events 107 . Thus, the mitochondrial transcription system appears to have evolutionarily converged on mechanistic principles conserved in all DNA-dependent RNAsynthesizing machineries.
The virtually ubiquitous presence of phage-like mitochondrial RNAPs among eukaryotic organisms suggests that this transcription system was adopted very early in eukaryotic evolution 108, 109 . However, whether this adoption occurred before or after the endosymbiotic event remains enigmatic 110 . Strikingly, the mitochondrial genomes of some jakobids encode all four core subunits of a eubacterial multisubunit RNAP 111, 112 , although whether this eubacterial RNAP transcribes the mtDNA is unclear 112 . Chloroplasts contain both a phage-like polymerase and a eubacterial-like RNAP, both of which seem to be used in organellar gene expression 113 . Notably, the replicative apparatus in mitochondria is also related to the corresponding machinery from T-odd bacteriophages [114] [115] [116] .
open questions and future directions
Despite the structural advances described here, understanding of the mitochondrial transcription system remains incomplete. Further structural and biochemical studies are necessary to provide a detailed mechanistic view of this evolutionarily unique system.
One open question relates to the precise mechanism of promoter recognition and melting. The open IC structure reveals substantial distortions in the DNA 66 that may facilitate initial duplex melting as in multisubunit RNAPs 117, 118 , but the stage at which they are induced remains unclear. In addition, it is unclear whether TFAM interactions with promoter DNA are the sole determinant of promoter recognition. Biochemical data suggest that mtRNAP may engage in sequence-specific interactions within the initially unwound DNA region 37 and that the N terminus of TFB2M interacts with the priming nucleotide 42 , but these interactions are not resolved in the IC structure. Higher-resolution structures of the closed preinitiation complex and of an initially transcribing complex are necessary to elucidate these details of transcription initiation.
Another open question is how the unique PPR domain of mtRNAP functions. During initiation, this domain is involved in upstream promoter contacts, albeit probably in a nonspecific manner 66 . During elongation, the growing RNA chain has been suggested to interact with the PPR domain 33 , but there is as yet no structural evidence of such an interaction. An alternative possibility is that the PPR domain may be involved in protein-protein rather than in protein-RNA contacts, as has been suggested for the mitochondrial protein LRPPRC and its interaction partner SLIRP 119 . Thus, the PPR domain of mtRNAP may serve as a platform to recruit factors involved in cotranscriptional processes.
Although the structure of MTERF1 suggests how this protein facilitates termination of L-strand transcription, the mechanism of H-strand termination remains elusive. Future efforts should be directed at identifying the factors involved in H-strand termination and developing a unified model for transcription termination in mammalian mitochondria.
Finally, investigating how transcription is coordinated with RNA processing and translation is crucial. Mitochondrial ribosome biogenesis has recently been shown to occur cotranscriptionally 120 , and future insights into how transcription relates to mtDNA replication are essential in this regard. The observation that mtRNAP acts as the primase at both origins of replication 15, 16, 80 suggests that crosstalk exists between the transcription and replication machineries.
Although transcription termination at CSBII appears to be responsible for replication-primer formation 79, 121 , and TEFM efficiently prevents such termination in vitro 77, 78, 122 , how the primer is processed and handed over to the replication machinery in vivo is not yet known. Moreover, how TEFM is regulated and whether additional proteins are involved in the transcription-replication switch in vivo also remain open questions.
